To characterize novel signaling pathways that underlie NAD(P)H oxidase-mediated signaling in atherosclerosis, we first examined differences in thrombin-induced gene expression between wild-type and p47phox Ϫ/Ϫ (NAD[P]H oxidase-deficient) VSMC. Of the 9000 genes analyzed by cDNA microarray method at the G 1 /S transition point, 76 genes were similarly and significantly modulated in both the cell types, whereas another 22 genes that encompass various functional groups were regulated in NAD(P)H oxidase-dependent manner. Among these 22 genes, thrombininduced NAD(P)H oxidase-mediated regulation of Klf15, Igbp1, Ak4, Adamts5, Ech1, Serp1, Sec61a2, Aox1, Aoh1, Fxyd5, Rai14, and Serpinh1 was shown for the first time in VSMC. The role of NAD(P)H oxidase in the regulation of a subset of these genes (CD44, BMP4, Id1, and Id3) was confirmed using modulators of reactive oxygen species (ROS) generation, a ROS scavenger and in gain-of-function experiments. We then characterized regulation of these genes in restenosis and atherosclerosis. In both apoE Ϫ/Ϫ mice and in a mouse vascular injury model, these genes are regulated in NAD(P)H oxidase-dependent manner during vascular lesion formation. Based on these findings, we propose that NAD(P)H oxidase-dependent gene expression in general, and the CD44 and BMP4-Id signaling pathway in particular, is important in restenosis and atherosclerosis.
T he development of molecular therapies for atherosclerosis has lagged behind other diseases, perhaps because of the complexity of redundant signaling pathways that govern vascular cell function. Although the precise role of reactive oxygen species (ROS) in vascular smooth muscle cell (VSMC) biology remains controversial, the importance of ROS generation in signaling is not. In VSMC, several signal transduction pathways induced by growth factors and cytokines are mediated by ROS generated by the activation of membrane-bound NAD(P)H oxidase. 1 The VSMC NAD(P)H oxidase includes membrane-bound components: Nox1/4 and p22phox; and cytosolic components: Rac1 and p47phox. 2 A third cytosolic component, p67phox, found in other vascular cells, is not present in VSMC. 3 Recently, p67phox and also p47phox homologs have been reported in VSMC. 2 The key role of p47phox in NAD(P)H oxidase activation in response to agonist stimulation and subsequent increase in cell proliferation was demonstrated using wild-type and p47phox Ϫ/Ϫ VSMC. 4 With few exceptions, 5 predominant data support strong association of ROS with atherosclerosis. ApoE Ϫ/Ϫ / p47phox Ϫ/Ϫ mice have lower levels of aortic ROS production and less atherosclerosis than apoE Ϫ/Ϫ mice. 4 Other mouse models with altered levels of manganese superoxide dismutase (SOD2) 6 and p66Shc 7 have produced a consistent theme that increased levels of vascular ROS promote, whereas decreased levels reduce atherogenesis. ROS may enhance atherosclerosis by several mechanisms. Increased ROS production enhances lipid peroxidation and activation of matrix metalloproteinases 8 and may induce differentiation of monocytes into macrophages leading to inflammation. 9 ROS also regulate the expression of genes involved in the early stages of atherosclerosis by modulating the activity of redox-sensitive transcription factors. 10 Furthermore, ROS may induce atherosclerosis by dysregulating VSMC proliferation via activation of tyrosine kinases and mitogen-activated protein kinases. 11 However, comprehensive transcriptional responses to oxidative stress that influence VSMC proliferation and migration and atherosclerotic lesion development are not well studied, nor has there been much attention to late-response genes in cell cycle progression that may play critical role in sustaining atherogenesis. Of the many VSMC agonists, thrombin mediates a number of physiologic responses of vascular cells that are involved in atherosclerotic lesion formation. In addition, thrombin like other G protein-coupled receptor agonists and cytokines activates many signaling moieties in NAD(P)H oxidase-derived ROS-dependent manner. 1, 3 In this study, we examined the role of thrombin-induced NAD(P)H oxidase activation on gene regulation by compar-ing gene expression in wild-type and p47phox Ϫ/Ϫ VSMC. Using cDNA microarray and real-time RT-PCR analysis, we identified regulation of 22 ROS-sensitive genes during cell cycle transition from G 1 to S phase. We confirm ROSdependent regulation of a subset of these genes (CD44, BMP4, Id1, and Id3) using DMNQ, a ROS inhibitor, a ROS scavenger and gain-of-function experiments. We also demonstrate ROS-dependent regulation of this subset of genes in arterial injury. Further, our results show decreased expression of CD44 in atherosclerotic lesions of apoE Ϫ/Ϫ / p47phox Ϫ/Ϫ mice compared with lesions in apoE Ϫ/Ϫ mice. Together, these results suggest that NAD(P)H oxidase-dependent VSMC gene regulation plays an important role in restenosis and atherosclerosis.
Materials and Methods

Cell Culture
VSMC were isolated from aortas of 4-month-old mice and maintained as described previously 4 (see the online data supplement available at http://circres.ahajournals.org).
RNA Extraction, cDNA Microarray Analysis, and Real-Time RT-PCR
Detailed information on RNA extraction, cDNA microarray, realtime RT-PCR, and data analysis is available in the online data supplement.
Intracellular ROS Detection
ROS levels in VSMC were detected by staining with dihydroethidium 4 (see online data supplement).
Western Blot Analysis
Preparation of cell lysates and immunoblotting were performed as described 11 (see online data supplement).
Mice and Femoral Artery Injury
Transluminal femoral artery injury was performed as described. 12 All animal procedures were in compliance with the University of North Carolina Institutional Animal Care and Use Committee (see online data supplement).
Statistical Analysis
All numerical data are expressed as meanϮSEM. One-way ANOVA with Newman-Keuls post hoc test was used to analyze gene expression levels. Two-tailed unpaired t test was used to compare lesion area. Differences were considered significant at PϽ0.05.
Results
Thrombin Regulates Gene Expression in VSMC via ROS Generation by NAD(P)H Oxidase
We examined thrombin-induced NAD(P)H oxidase-mediated gene expression at transition from G 1 -to-S phase of the cell cycle. Maximum increase in phospho-Cdk2 (Thr160) level was observed in VSMC at 8 hours after thrombin treatment (Figure IA in the online data supplement), consistent with this time point representing late G 1 -to-S phase transition. 13 On this basis, we performed the gene expression profiling at 8 hours after thrombin treatment. To identify genes regulated specifically through NAD(P)H oxidase, we compared expression profiles of wild-type and gp91phox Ϫ/Ϫ VSMC (both posses functional NAD[P]H oxidase) 14 to that of p47phox Ϫ/Ϫ VSMC using cDNA microarray analysis.
We first identified genes with changes in expression similar in all 3 cell types. Expression profiles for 133 genes that passed filtering of raw microarray data were analyzed using 1-class response SAM. 15 With 2000 permutations and ⌬ value at 0.225 corresponding to a false discovery rate (FDR) of 3.04%, 76 genes were identified as potentially significant. Of these, 61 genes were upregulated and 15 were downregulated by thrombin. Thirty-two genes encoded signal transduction proteins; 13 encoded metabolic pathway proteins; another 17 encoded proteins involved in transcriptional regulation; 9 encoded extracellular matrix and cytoskeletal proteins; and 5 genes encoded electron and ion exchange proteins (supplemental Table I ).
Then we compared the differences in gene expression profiles of cell types with functional and impaired NAD(P)H oxidase. Microarray data analyzed with multiclass SAM (2000 permutations and ⌬ value of 0.245 corresponding to a FDR of 5.1%) identified 28 genes as most significantly differentially regulated (supplemental Figure IB ) in response to thrombin treatment. Real-time RT-PCR analysis confirmed the transcriptional pattern of 22 of 28 genes identified using SAM (78.5%). Among these 22 genes, 11 were upregulated and 11 were downregulated. These genes fall into various functional groups: 5 genes encoded proteins involved in transcriptional regulation; 5 encoded signal transduction proteins; 5 encoded metabolic pathway proteins; 1 gene encoded electron and ion transport proteins; and another 6 encoded extracellular matrix and cytoskeletal proteins (supplemental Table II ). Expression of these genes was significantly changed in wild-type and gp91phox Ϫ/Ϫ VSMC (PϽ0.05) but not in p47phox Ϫ/Ϫ cells. Of the 3 cell types tested, changes in gene expression were greater in gp91phox Ϫ/Ϫ VSMC. Previously, we observed higher cell growth in gp91phox Ϫ/Ϫ VSMC compared with wild-type and p47phox Ϫ/Ϫ VSMC in normal growth conditions. 4 It is possible that this accelerated growth phenotype reflects the greater response in gene expression of gp91phox Ϫ/Ϫ VSMC. Only 5 of the 22 genes, inhibitor of DNA binding 3 (Id3), 16 vascular endothelial growth factor receptor-1 (VEGFR-1), 17 aldehyde oxidase 1 (Aox1), 18 aldehyde oxidase structural homolog 2 (Aoh1), 19 and tissue inhibitor of metalloproteinase 3 (Timp-3) 19 were previously shown to be redox sensitive. Redox upregulated genes include VEGFR-1, Timp-3, and syndecan-1 and downregulated genes include natriuretic peptide receptor 3 (Npr3). The expression of 12 of the 22 genes, Klf15, Igbp1, Ak4, Adamts5, Ech1, Serp1, Sec61a2, Aox1, Aoh1, Fxyd5, Rai14, and Serpinh1 in VSMC has not been reported before. We chose to further analyze a subset of these 22 genes.
To identify genes that play critical roles in NAD(P)H oxidase-mediated phenotypic and functional features of VSMC, we focused our studies on thrombin-and NAD(P)H oxidase-regulated genes that had similar basal expression levels in p47phox Ϫ/Ϫ and wild-type VSMC. CD44 expression increased by 3.97-fold (PϽ0.05) in wild-type VSMC in response to thrombin treatment but did not change significantly in p47phox Ϫ/Ϫ cells. BMP4, Id1, and Id3 were downregulated by 2.74-, 1.32-, and 1.69-fold (PϽ0.05), respectively, in wild-type cells but were unchanged in p47phox Ϫ/Ϫ VSMC following thrombin treatment ( Figure 1A) .
We then performed Western blot analysis to determine whether the changes in mRNA expression reflected changes in protein expression. CD44 expression was similar in wildtype, gp91phox Ϫ/Ϫ , and p47phox Ϫ/Ϫ VSMC ( Figure 1B , top). Thrombin treatment induced an increase in CD44 expression in wild-type and gp91phox Ϫ/Ϫ cells but had no such effect in p47phox Ϫ/Ϫ VSMC. Basal BMP4 protein levels were similar in all cell types ( Figure 1B 
Confirmation of Redox-Sensitive Regulation of Gene Expression in VSMC
To confirm that the regulation of thrombin-mediated VSMC genes was indeed dependent on redox changes, we performed a number of complementary experiments. First, 2,3dimethoxy-1,4-naphthoquinone (DMNQ), a redox cycling quinone, was used to simulate NAD(P)H oxidase-mediated transcriptional changes. VSMC were treated with 1 mol/L DMNQ for 8 hours and gene expression was analyzed by real-time RT-PCR. Changes in expression of CD44, BMP4, Id1 and Id3 in wild-type cells in response to DMNQ treatment were similar to those seen following thrombin treatment. CD44 gene expression was increased by 3.73-fold (PϽ0.05), whereas expression of BMP4, Id1 and Id3 genes was decreased by 1.93-, 2.34-, 2.12-fold, respectively (PϽ0.05) (Figure 2A ). The regulation of CD44, BMP4, Id1, and Id3 genes in p47phox Ϫ/Ϫ VSMC treated with DMNQ was similar to that in wild-type cells treated with this quinone, demonstrating that these cells have not lost their capacity to respond to superoxide and confirming that thrombinmediated superoxide generation does not occur in the cells which lack NAD(P)H oxidase activity. Specifically, CD44 expression was enhanced by 3.1-fold, whereas the expression of BMP4, Id1, and Id3 were decreased by 2.46-, 1.51-, and 1.43-fold, respectively (PϽ0.05). Our results also indicate that DMNQ generates ROS in VSMC in NAD(P)H oxidaseindependent manner.
To corroborate the importance of NAD(P)H oxidasedependent regulation of gene expression in VSMC treated with thrombin, we pretreated cells with diphenyleneiodonium chloride (DPI), an inhibitor of flavin-containing enzymes including NAD(P)H oxidase, or N-acetyl-L-cysteine (NAC), a ROS scavenger. Wild-type cells pretreated with either NAC or DPI and then treated with thrombin showed little or no changes in expression of CD44, BMP4, Id1, and Id3 genes, similar to that in p47phox Ϫ/Ϫ cells treated with thrombin. CD44 levels were significantly lower in wild-type VSMC pretreated with NAC or DPI and then treated with thrombin compared with the levels in cells treated with thrombin alone (PϽ0.001) ( Figure 2B , top left). Similarly, BMP4 gene expression levels in wild-type VSMC pretreated with either NAC or DPI and then treated with thrombin were significantly different than the levels in wild-type cells treated with thrombin alone (PϽ0.001) ( Figure 2B Finally, we performed gain-of-function experiments to confirm that replacement of the p47phox restores thrombinresponsive expression of CD44, BMP4, Id1, and Id3 genes in p47phox Ϫ/Ϫ cells. Western blot analysis showed significantly increased p47phox expression in cells transfected with adenoviral vector containing human p47phox cDNA as compared with control cells ( Figure 3A) . On thrombin treatment, DHE and Amplex Red fluorescence showed increased ROS generation in transfected p47phox Ϫ/Ϫ VSMC compared with nontransfected p47phox Ϫ/Ϫ cells ( Figure 3B and supplemental Figure II) . Cells transfected with a control vector, Ad-GFP, were not different from nontransfected p47phox Ϫ/Ϫ cells in ROS generation. Gene expression changes in p47phox transfected p47phox Ϫ/Ϫ VSMC were assessed by real-time RT-PCR. There were no significant changes in gene expression after thrombin treatment in nontransfected or p47phox Ϫ/Ϫ VSMC transfected with Ad-GFP. In contrast, in p47phox Ϫ/Ϫ cells transfected with Ad-p47phox, changes in CD44, BMP4, Id1, and Id3 gene expression on thrombin treatment ( Figure 3C ) were similar to those in wild-type cells treated with thrombin. These data reiterate ROS-sensitive regulation of CD44, BMP4, Id1, and Id3 gene expression in VSMC by thrombin and emphasize the role of NAD(P)H oxidase in these events.
Role of BMP4 in Id1 and Id3 Gene Expression in VSMC
Id1 and Id3 are known transcriptional targets of BMP4. 20 For this reason, we questioned whether the observed effect of ROS on Id1 and Id3 gene expression was due solely to an effect on BMP4 or whether ROS directly activated Id1 and Id3 gene expression. Treatment with exogenous BMP4 resulted in a significant increase in Id1 and Id3 gene expression at 1 hour followed by a decrease in both wild-type and p47phox Ϫ/Ϫ VSMC (Figure 4) . The most straightforward interpretation of this finding is that thrombin and NAD(P)H oxidase act only on BMP4 gene regulation, and this results in consequent down regulation of Id1 and Id3. This interpretation is consistent with our overall gene expression results and the notion that NAD(P)H oxidase activation induces specific signaling pathways. Surprisingly, Id1 and Id3 gene expression in response to BMP4 was higher in p47phox Ϫ/Ϫ cells than in wild-type VSMC. The reasons for this discrepancy are not clear. We also observed that BMP4 significantly suppressed thrombin-induced [ 3 H]-thymidine incorporation in wild-type cells (supplemental Figure III) . This suggests that higher BMP4 levels in p47phox Ϫ/Ϫ VSMC treated with thrombin may be 1 of the mechanisms for decreased p47phox Ϫ/Ϫ VSMC proliferation. 4
NAD(P)H Oxidase Regulates Gene Expression in Arterial Wall and Is Necessary for Neointimal Hyperplasia Following Arterial Injury
We next examined whether NAD(P)H oxidase-dependent changes in expression of these genes occurred in arterial VSMC in vivo. The early stages of atherosclerotic lesion formation through plaque rupture and arterial occlusion all depend on VSMC proliferation and migration. Transluminal wire injury of the femoral artery results in endothelial denudation with rapid onset of medial SMC apoptosis, followed by SMC proliferation and migration leading to development of reproducible neointimal hyperplasia. 12 In addition, continued and marked thrombin generation was observed following arterial injury, 21 suggesting that arterial injury is a reasonable model for examining the role of thrombin in NAD(P)H oxidase-mediated gene expression and neointima formation. Evans blue staining depicted consistent denudation of the endothelium in injured arteries ( Figure 5A ). Four weeks after injury, statistically significant increase in neointimal hyperplasia (PϽ0.001) was observed in wild-type mice compared with sham-operated mice ( Figure  5B through 5D ). There was little or no increase in neointimal hyperplasia in p47phox Ϫ/Ϫ mice, which is consistent with decreased proliferation of p47phox Ϫ/Ϫ VSMC compared with wild-type VSMC. 4 To determine the molecular basis for VSMC growth and migration in vivo, we compared the CD44, BMP4, and Id protein expression in the femoral artery in wild-type and p47phox Ϫ/Ϫ mice. CD44 expression was not observed in uninjured arteries of wild-type and p47phox Ϫ/Ϫ mice, whereas expression of this protein increased substantially in medial and neointimal SMC of wild-type mice 14 days postinjury, consistent with previous findings. 22 In contrast, CD44 protein expression was not observed in p47phox Ϫ/Ϫ mice following injury ( Figure 6A ). Immunoreactive BMP4 was not seen in sham-operated arteries of either wild-type or p47phox Ϫ/Ϫ mice. BMP4 expression was also not present in wild-type femoral arteries but markedly increased in the medial VSMC of p47phox Ϫ/Ϫ mice 14 days after injury ( Figure 6B ). Id1 and Id3 expression was minimal in uninjured arteries of wild-type and p47phox Ϫ/Ϫ mice and also in injured arteries from wild-type mice. However, similar to BMP4, expression of Id1 and Id3 was increased following injury in medial VSMC of p47phox Ϫ/Ϫ mice (Figure 6C and 6D) . Changes in protein expression in VSMC were ascertained by smooth muscle ␣-actin staining ( Figure 6E ). The decrease in CD44 and increase in BMP4, Id1, and Id3 expression in the injured artery of p47phox Ϫ/Ϫ mice suggest that these proteins might play an important role in restenosis by affecting VSMC proliferation. Further, these results strongly support NAD(P)H oxidase and ROS as important in regulating the expression of these proteins in VSMC in response to arterial injury in a manner similar to that observed in cultured VSMC. Of note, prior studies implicating the NAD(P)H oxidase in the response to arterial injury focused on ROS production in adventitial fibroblasts and endothelial cells. 23
ROS Influence Development of Atherosclerotic Lesions Through Regulation of CD44 Expression
ApoE Ϫ/Ϫ /p47phox Ϫ/Ϫ mice develop significantly fewer atherosclerotic lesions than apoE Ϫ/Ϫ littermates. 4 Similarly, CD44 Ϫ/Ϫ mice have 50% to 70% less atherosclerotic lesions compared with wild-type mice. 24 Following our observation that VSMC CD44 expression was decreased in p47phox Ϫ/Ϫ mice following injury, we examined expression of CD44 protein in atherosclerotic lesions of apoE Ϫ/Ϫ and apoE Ϫ/Ϫ / p47phox Ϫ/Ϫ animals fed a Western diet.
Immunostaining of representative sections of proximal aorta revealed increased expression of immunoreactive CD44 in lesions of apoE Ϫ/Ϫ mice compared with apoE Ϫ/Ϫ / p47phox Ϫ/Ϫ mice. CD44 was present in both neointimal and medial VSMC, as well as in macrophages present in lesions. The less intense CD44 staining in apoE Ϫ/Ϫ /p47phox Ϫ/Ϫ mice was limited to macrophages; little or no expression of CD44 was observed in arterial VSMC ( Figure 7A ). Finally, we measured the total area of atherosclerotic lesions in the aortic root. The oil red O-positive area was significantly less in apoE Ϫ/Ϫ /p47phox Ϫ/Ϫ mice than in apoE Ϫ/Ϫ mice (PϽ0.01) ( Figure 7A and 7B ). This extends our prior conclusion that atherosclerosis is reduced by deletion of p47phox, 4 and, in addition, the diet used in the present study allows to observe differences in lesions in the proximal aortas of apoE Ϫ/Ϫ and apoE Ϫ/Ϫ /p47phox Ϫ/Ϫ mice. The above data further solidify the relationship between NAD(P)H oxidase activity, CD44 expression, and atherosclerosis.
Discussion
The present study was initiated to determine whether ROSstimulated signaling pathways in VSMC are also activated in the vessel wall during restenosis and atherogenesis. Although targeted inhibition of an intracellular signaling pathway has been successful for the treatment of some malignancies, 25 this approach has yet to show the same promise for the treatment or prevention of atherosclerosis. Because many agonists activate VSMC, it is not surprising that inhibition of a single growth factor or cytokine signaling is ineffective in arresting VSMC growth and migration. The physiological effects of many VSMC agonists require NAD(P)H oxidase activation, 1, 2 which suggests that analysis of this oxidase-dependent signals might identify potential therapeutic targets for inhibiting VSMC growth and migration. VSMC play important role throughout the atherosclerotic process; therefore, we reasoned that not only would these NAD(P)H oxidase-dependent agonists affect tyrosine/ serine phosphorylation but also gene expression of key signal transduction proteins. Based on this notion, the present study was designed to broadly characterize agonist-mediated NAD(P)H oxidase-dependent gene expression in VSMC to understand convergent signaling pathways of importance in atherogenesis. Thrombin was chosen as a model agonist for in vitro studies because the physiologic responses of VSMC to thrombin (ie, contraction, mitogenesis, and migration) all foster atherosclerotic lesion formation and because many signals activated by thrombin require activation of the NAD(P)H oxidase. 3 Because little is known about the thrombin-induced lateresponse genes that likely sustain atherosclerotic lesion formation, we focused on changes in gene expression after 8 hours of thrombin treatment in vitro and on mid-stages of vascular lesion formation in vivo. Microarray analysis of 3 VSMC cell types with functional and nonfunctional NAD(P)H oxidase suggests that 76 genes are significantly and similarly modulated by thrombin. Thrombin-induced NAD(P)H oxidase regulated expression of another 22 genes that belong to various functional groups at the G 1 /S transition point (supplemental Table II ). These data imply that thrombin induces transcriptional networks in VSMC in both NAD(P)H oxidase-dependent and -independent manner. Although we have not investigated the functional relevance of the latter on VSMC phenotype, our results suggest that at least some of the thrombin-induced NAD(P)H oxidase-dependent genes are involved in cell cycle progression. We have shown previously that p47phox Ϫ/Ϫ VSMC exhibit decreased proliferative response to thrombin treatment compared with wild-type VSMC. 4 The 22 NAD(P)H oxidase-dependent genes identified in vitro represented several signaling pathways of known importance for growth factors and cytokines in vascular and nonvascular cells. 24, 26 Some of these NAD(P)H oxidasedependent gene products have been show to play an important role in vascular pathophysiology. For example, VEGFR-1 expression was upregulated in injured arteries 27 and its enhanced expression in tumor cells was mediated by NAD(P)H oxidase. 17 Similarly, Timp-3 was upregulated by ROS 20 and also in atherosclerotic tissue and known to influence plaque stability. 28 Similar to our observation, Npr3 is downregulated by other inducers of ROS production. 29 Only 2 of the 22 NAD(P)H oxidase-dependent genes regulated by thrombin are transcription factors, which indicates temporal regulation of thrombin-mediated gene transcription and interestingly both the genes are downregulated in wildtype cells. To confirm that these genes were indeed regulated in a redox-dependent manner, we characterized expression of a subset of these genes in wild-type and p47phox Ϫ/Ϫ VSMC treated with DMNQ, an inhibitor of ROS generation, a ROS CD44, among the thrombin-induced genes in wild-type VSMC, mediates VSMC proliferation induced by hyaluronic acid 22 and is expressed in both inflammatory and vascular cells. 30 However, our data show for the first time that CD44 expression in mouse VSMC is mediated by NAD(P)H oxidase activation. BMP4, another gene of interest in thrombinregulated subset of genes, is a member of the transforming growth factor-␤ super family. In concordance with our data, Jeffery et al 31 reported inhibition of mitogenesis in human fibroblasts by BMP4 and this was mediated by the upregulation of cell cycle inhibitor p21Cip1. Interestingly, BMP4 stimulates ROS production in endothelial cells in NAD(P)H oxidase-dependent manner. 32 The other genes of interest in thrombin-mediated subset of genes are Id1 and Id3. Id class of helix-loop-helix proteins have been linked to cell cycle control, 33 and it is suggested that they promote cell proliferation by acting as dominant negative transcription factors for p21Cip1. 34 In contrast to our data, upregulation of Id3 expression by angiotensin II leads to VSMC proliferation and this was mediated by ROS production. 16 This apparent contradiction could be attributable to temporal regulation of Id proteins in response to agonist treatment. In fact, Forrest et al 35 have reported that Id3 expression was upregulated at 1 hour after serum stimulation but declined by 4 hours.
We then further studied the expression of this subset of genes (CD44, BMP4, Id1, and Id3) in vivo. Immunoreactive CD44 levels were higher in the more prominent atherosclerotic lesions found in apoE Ϫ/Ϫ mice compared with the less prominent lesions found in apoE Ϫ/Ϫ /p47phox Ϫ/Ϫ mice ( Figure  7) . This result is corroborated by the observations that CD44 Ϫ/Ϫ mice have less atherosclerotic lesions than wild-type mice 24 and CD44 expression is higher in human atheromatous plaques. 36 Neointimal hyperplasia was also significantly greater in wild-type mice than in p47phox Ϫ/Ϫ mice ( Figure 5 ) and was accompanied by increased levels of immunoreactive CD44 and reduced levels of BMP4 and Id1 and Id3 ( Figure  6 ). In contrast to our data, increased expression of Id3 was reported in injured carotid arteries of rat which correlated with lesion development. 37 These contradictions warrant further careful investigation of BMP4-Id1/Id3 pathway in restenosis and atherosclerosis. Because BMP4 has been reported to regulate Id expression, 20 we treated VSMC with exogenous BMP4, confirming upregulation of Id genes (Figure 4) .
In summary, we have shown that agonist-activated NAD(P)H oxidase mediates expression of a number of VSMC genes which are important in lesion formation. In addition, agonist-induced ROS production and proliferation of VSMC from wild-type mice correlates with injury-induced neointimal hyperplasia and atherosclerotic lesion formation in these mice. A group of genes implicated in VSMC function-CD44, BMP4, Id1, and Id3-are regulated in vascular lesion formation in 2 in vivo models in exactly the manner predicted from studies on cultured cells and directly correlated to the lesion size. These findings support further investigation of redox-regulated gene expression in atherosclerosis and consideration of therapies that modulate specific, convergent intracellular signals, including the CD44 and BMP4/Id signaling pathways for the treatment of restenosis and atherosclerosis.
